A preliminary investigation of the genetic structure of jack mackerel (Trachurus declivis, Carangidae) in south-eastern Australian waters was conducted by using restriction enzyme analysis of mitochondrial DNA (mtDNA). Seventy-five jack mackerel samples were collected from two localities: off Eden in New South Wales and off south-eastern Tasmania. Fish were sampled twice at each locality. Mitochondrial DNA was extracted from developing ovary tissue and heart tissue. The 75 jack mackerel samples were screened with 11 six-base and four four-base enzymes. The level of genetic diversity in jack mackerel was low. The six-base enzyme analysis found limited evidence of reproductive isolation between New South Wales and Tasmanian samples of jack mackerel. However, an analysis of a subset of 42 jack mackerel with four four-base enzymes found evidence of temporal differences in the mtDNA diversities of two Tasmanian samples of jack mackerel.
Introduction
The fishery for jack mackerel (Trachurus declivis, Carangidae) is the largest single-species fishery in Australia, with a purse-seine fishing venture aimed exclusively at this species (Williams et at. 1987) . The fish are used as a protein source for fish meal as well as for crayfish bait and, to a lesser extent, in tinned pet food (Williams et al. 1987) . There are no reliable estimates of the abundance of jack mackerel in south-eastern Australian waters.
Jack mackerel are distributed along the entire southern coast of Australia and occur in all Tasmanian coastal waters (Stevens and Hausfeld 1982; Williams and Pullen 1986) . Fish in south-eastern Australian waters mature at approximately 27 em fork length and grow to a maximum length of 46 em (Webb and Grant 1979; Williams and Pullen 1986 ). Stevens and Hausfeld (1982) calculated the theoretical maximum age of jack mackerel to be approximately 15 years.
Spawning occurs from late spring to mid summer in south-eastern Australian waters and tends to peak during January (Jordan 1992) . Jack mackerel are thought to spawn along the entire eastern coast of Tasmania, with high egg densities being reported along the edge of the continental shelf (Jordan 1992) . In south-eastern Australian waters, they feed primarily on crustaceans, with a particular preference for euphausids (Webb 1976) . Young et at. (1993) found that the euphausid Nyctiphanes australis tended to be the dominant prey item in the stomachs of T. declivis, especially during the start of the fishing season in autumn. In a study of the feeding ecology of larval jack mackerel, Young and Davis (1992) found that crustacean microzooplankton and occasionally bivalve veligers were the main prey items.
An allozyme study of jack mackerel in Australian waters by Richardson (1982) identified eight polymorphic loci that were useful in determining the stock structure of this species. That study identified a distinct subpopulation of jack mackerel in Western Australian waters. However, in the case of the south-eastern Australian fish, clear stock delineation was not evident although seven of the eight polymorphic loci revealed an excess of homozygotes.
The present paper describes the use of restriction enzyme analysis of mitochondrial DNA (mtDNA) as a means of determining the genetic structure of jack mackerel in south-eastern Australian waters. The rapid rate of evolution of the mitochondrial genome (Brown et at. 1979) and the clonal inheritance of this molecule through the maternal lineage (Avise 1987) make it a sensitive means of investigating genetic differentiation at the intraspecific level (Ovenden 1990) . Restriction enzyme analysis of mtDNA has been useful in resolving the genetic structure of a number of species of marine fish, including orange roughy (Hoptostethus at/anticus; Smolenski et at. 1993) , striped bass (Morone saxatilis; Wirgin et at. 1988) and cod Gadus morhua; Dahle 1991) .
The jack mackerel fishery is a relatively recent development, and important data on the biology of this species are only now coming to light (Jordan 1992; Williams and Pullen 1993) . It is anticipated that the potentially high resolving power of mtDNA analysis may provide ·a refined picture of the genetic structure of jack mackerel in south-eastern Australian waters, thereby contributing to an informed management policy.
Materials and Methods
Trachurus declivis was collected from two sites along the south-eastern Australian coast: off Eden in New South Wales (NSW) and off Eaglehawk Neck in Tasmania. The NSW samples were collected from two localities by the Department of Primary Industry and Energy, Bureau of Rural Resources, in November 1988; initially, fish were caught within a 10-km radius of 36°20'S,150°14'E and referred to as NSW Sample 1 (NSW1). The following day, fish were collected within a 20-km radius of 36°56'S, 150°18'E (NSW2), using mid-water trawls (between 100 and 120m depth). The samples from Eaglehawk Neck (43°1· 5'S,147°55'E) were collected with a beach seine in January 1989 and April 1990.
For mtDNA analysis, 29 fish were chosen arbitrarily from the two NSW samples (NSW1, n = 14; NSW2, n = 15) and 46 fish were chosen from the Tasmanian 1989 (n = 30) and 1990 (n = 16) samples. The length of the NSW fish was 33 · 7 ± 1· 6 em (mean± s.d., n = 29) and the weight was 449 · 0 ±57· 7 g (mean±s.d., n=29). The length of the fish from the Tasmanian 1989 sample was 33·2±1·7 em (mean± s.d., n = 30). The length and weight data for the Tasmanian 1990 sample are unavailable.
Mitochondrial DNA was extracted from developing ovary and heart tissue by using a phenol/ chloroform extraction method described by Chapman and Powers (1984) .
The jack mackerel genomes were screened with 11 six-base enzymes. A subset of 42 individuals was screened with four four-base enzymes. The conditions for the six-base and four-base enzyme assays have been described previously (Smolenski eta/. 1993) .
The restriction sites recognized by analysis with six-base restriction enzymes were mapped upon the jack mackerel mitochondrial genome by using the single-and double-digest technique described previously (Smolenski et at. 1993) . The fragment sizes were converted to number of base pairs mapped clockwise from the Bglll site (Fig. 1) . The mapping of the jack mackerel genome was aided by the use of a computer package written for this purpose (Ovenden et at. 1992) .
The observed and expected six-base and four-base haplotype frequencies were compared by using a x 2 test. A Monte Carlo method (Roff and Bentzen 1989) was used to test the significance of the x 2 values, which were compared with the values obtained from 1000 randomizations of each data set.
The G statistic (G, 1 ) was used to estimate the amount of interpopulational genetic subdivision of jack mackerel samples and is equal to the amount of variation in the whole data set that is due to the division of the population into a series of interbreeding populations (Takahata and Palumbi 1985) . Restriction-site presence or absence data in binary form were used to test the six-base enzyme data, whereas restriction fragment data were used for the four-base enzyme analysis. The significance of using site versus fragment data is discussed in Smolenski et at. (1993) . A bootstrap method (Palumbi and Wilson 1990 ) was used to evaluate the significance of the G, 1 analysis. The number of base substitutions per base pair (a) between pairs of individual fish and between pairs of composite six-base enzyme haplotypes was calculated by using the maximum-likelihood method of Nei and Tajima (1983) . The calculation of afrom the presence or absence of four-base restriction fragment data is described by Nei and Li (1979) . The standard deviation of awas calculated according to Nei and Tajima (1983) (Smolenski et a/. 1993) .
The method for calculating the mean net abetween populations and the group variance of ais described by Nei and Jin (1989) . Student's t-test was used to determine whether the net diversity estimates were significantly different from zero (Smolenski eta/. 1993) . However, because the pairwise comparison of net diversity estimates between localities is not statistically independent, a sequential Bonforroni test (Rice 1989) was carried out on significant net nucleotide diversity estimates. The level of significance, a (where a= 0 · 05), was adjusted by using this method to obtain a corrected significance level, a'.
Results

Six-base Enzyme Survey
An estimate of the size of the mitochondrial genome in jack mackerel was obtained by averaging the sum of all the fragments for each haplotype, resulting in a value of 16432±460 base pairs (mean±s.d.). 
The restriction enzyme survey of 75 jack mackerel genomes with 11 six-base enzymes identified 48 restriction sites. Of the 11 restriction endonucleases used to survey the mitochondrial genome of jack mackerel, four enzymes (Nco!, Pvuii, Sail and Smai) identified no restriction site variation. The remaining restriction endonucleases identified between one and five different morphs each. Of the 75 genomes surveyed, Bani produced five variant morphs and Ava! identified three different morphs. Five enzymes (Bgll, Bglii, Hindiii, Mlul and Xhol) identified one rare morph each: Bglii, Hindiii, Mlul and Xhol each produced one rare morph that had gained one restriction site in comparison with the common morph, whereas the rare morph identified by the enzyme Bgll differed from the common morph by one restriction site loss. The three rare morphs (B, C and D) identified by A val had each gained one restriction site in comparison with the common morph. The enzyme Bani identified three rare morphs (B, E and F) that differed from the common morph by one restriction site gain, whereas the rare morphs C and D, had both lost a restriction site in comparison with the common morph (Fig. 2) . The six-base restriction enzyme survey identified 12 mitochondrial haplotypes. The most common haplotype (AAAAAAAAAAA) was recorded in 22 of 29 individuals collected in NSW waters and in 36 of 46 fish collected in Tasmanian waters. The fish from NSW waters were characterized by seven unique haplotypes, each represented by one individual. Among the fish from Tasmanian waters, 10 individuals possessed five rare haplotypes. The rare haplotype AEAAAAAAAAA was found in six)ndividuals exclusively from Tasmanian waters (Table 1) . Apart from the common haplotype (AAAAAAAAAAA), only one rare haplotype (AAABAAAAAAA) was recorded from both NSW and Tasmanian waters ( Table 1) .
The amount of mtDNA restriction site variation that was due to population subdivision (G 8 t) calculated from the presence or absence of restriction sites was 37%. This estimate lies within the range of G 51 estimates calculated from 1000 randomizations (bootstrapped G 51 ) of the original data set (29% to 39%) and may not, therefore, indicate population subdivision.
The x 2 test was used to test the null hypothesis that there is no geographical partitioning of jack mackerel six-base enzyme haplotypes. The resulting x The mtDNA diversity, or mean number of base substitutions per nucleotide, for all jack mackerel individuals analysed with six-base enzymes in this study was 0·1363 ±0·0723%
(n =75). Intrapopulational diversity estimates are summarized in Table 2 . 
Four-base Enzyme Survey
Four restriction enzymes recogmzmg sequences of four bases were used to survey a subset of 42 individuals selected from the 75 genomes surveyed with six-base enzymes (NSW Sample 1, n=8; NSW Sample 2, n=10; Tasmanian 1989 Sample, n=16; Tasmanian 1990 sample, n = 8). The four four-base enzymes produced 160 restriction fragments for the four enzymes. The enzymes Ddel and Taql identified 13 and 12 different restriction morphs, respectively. The enzyme Mbol identified 19 unique restriction morphs, and Mspl was the most variable enzyme, identifying 28 unique restriction morphs.
The four-base analysis of 42 jack mackerel genomes identified 36 unique composite mitochondrial haplotypes (Table 3 ). There was no common haplotype, and only three four-base haplotypes (AAAA, ABAA and ABCA) occurred more than once (Table 3) . The bootstrapped Gst estimate for the four jack mackerel samples was 24%. The Gst values calculated from 1000 randomizations of the data set ranged from 16% to 22%. This result suggests population subdivision because the true Gst value (24%) was greater than the randomly generated Gst values.
The x 2 tests comparing all localities were carried out for enzyme-specific morphs that occurred more than once. Enzyme-specific morphs that occurred only once were omitted in order to avoid inflated significance values. The null hypothesis being tested was that there was no geographical separation of the jack mackerel four-base morphs. Each x 2 result was tested for significance by the Monte Carlo method (Roff and Bentzen 1989) . Three enzymes (Ddel, Mbol and Taql) yielded a significant result (P:e:;0·001, P:e;;0·035 ±0·011 and P:e:;0·043 ±0·0029, respectively). The enzyme Mspl produced the only non-sigificant result (P:e:;0·056±0·014; Table 4 ). The mtDNA diversity for all the jack mackerel individuals analysed with four-base enzymes was 0·5153±0·1035% (n=42). The intrapopulational mtDNA diversity estimates are summarized in Table 2 . The net mtDNA diversity estimates between jack mackerel genomes from pairs of localities ranged from 0 ·1147o/o to 0 ·0058% (Table 5 ). Student's t-test was used to test whether the net diversity estimates were significantly different from zero. In three of these comparisons, the magnitude of the standard error was considerably smaller than the magnitude of the estimate (NSW Sample 1 versus eastern Tasmania 1990, 0 ·1147 ± 0 · 0224%, P< 0 · 001, a'= 0 ·01; NSW Sample 2 versus eastern Tasmania 1990, 0·0861 ±0·0315%, P<O·Ol, a' =0·0125; eastern Tasmania 1989 versus eastern Tasmania 1990, 0·0770±0·0087%, P<0·001, a' =0·008; Table 5 ), indicating possible genetic separation between the eastern Tasmanian 1990 sample and the remaining three samples. When both Tasmanian samples of jack mackerel were combined and compared with the combined NSW samples, the resulting net divergence estimate was not significant (diversity= 0 · 0142 ± 0 ·0165o/o).
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Discussion
The six-base analysis of jack mackerel mtDNA found limited evidence of geographical structuring of mitochondrial haplotypes on the basis of the occurrence of a rare haplotype (AEAAAAAAAAA; Table 1) exclusively in Tasmanian waters. However, this preliminary evidence for stock separation among the jack mackerel samples is not supported by statistical and sequence diversity analysis. The use of enzymes recognizing sequences of four bases found no clear separation of mtDNA haplotypes between the Tasmanian and NSW samples. However, the four-base analysis did provide evidence of genetically distinct schools of jack mackerel occurring off eastern Tasmania in different years (Table 5) . Nucleotide sampling errors (or the choice of restriction enzymes) and possibly small sample sizes may explain why the six-base enzyme analysis partitioned heterogeneity in the data in a different way from the four-base analysis. The choice of restriction enzymes may explain the difference in the magnitude of the mtDNA diversity estimates obtained with six-base and four-base enzyme analyses (Table 2) (Smolenski et al. 1993) .
Care should be taken when making comparisons between six-base and four-base data because the former are based on site data and the latter on fragment data. Six-base enzymes have been useful in determining the genetic structure of a number of species of marine fish (Wirgin et al. 1988; Dahle 1991) . However, in some cases, six-base enzyme analysis may lack the resolving power to detect much of the genetic variability present within a sample. It has been suggested that if the nucleotide diversity of a sample is less than 0 ·2%, four-base enzymes are more informative than six-base enzymes (Ovenden 1990 ). An analysis of mtDNA variation in the deep-sea teleost Hoplostethus at/anticus, using four-base enzymes, revealed evidence of reproductive isolation, whereas previous six-base enzyme analysis failed to identify any geographical structuring of mtDNA haplotypes (Smolenski et al. 1993) .
The presence of genetically distinct schools of jack mackerel occurring off eastern Tasmania lends support to the findings of Richardson's (1982) allozyme study. Richardson found two distinct subpopulations of jack mackerel in Western Australia and New Zealand; the population structure of jack mackerel in south-eastern Australian waters was less clearly defined. Five enzymes (carboxylesterase, isocitrate dehydrogenase, aconitate hydratase, L-iditol dehydrogenase and adenosine deaminase) all revealed an excess of homozygotes in fish collected from south-eastern waters. This excess of homozygotes was presumed to be the result of a Wahlund effect (i.e. the presence of two or more overlapping but genetically distinct groups in a population).
The underlying assumption from Richardson's results is that jack mackerel maintain a relatively strong school fidelity for most of their lives, with only very limited gene flow occurring between schools. However, in a study of the schooling behaviour of jack mackerel, Williams and Pullen (1993) suggest that jack mackerel targeted by fishers primarily form feeding schools especially in the presence of large concentrations of the euphausid Nyctiphanes australis. This suggests that, in the absence of zooplankton prey species, the jack mackerel may disperse rather than remain as discrete schools. In the 1989-90 fishing season, there was a marked decline in the abundance of N. australis, thought to be the result of a La Nifia event (Pullen et al. 1989) . Consequently, the jack mackerel did not school in coastal waters and instead were caught in deeper water adjacent to the fishing grounds.
Sharp (1978) suggested the possibility of sibship within schools of tuna (Thunnus spp.) on the basis of the results of an allozyme study. In the present study, the differences in the intrapopulational diversity estimates between the jack mackerel samples from NSW waters and those from Tasmanian waters suggest that there may be fidelity within schools (Table 2) . Further genetic analysis would be required to test for sibship within schools of jack mackerel. Owing to the possible mixing of larvae by ocean currents following spawning, it seems unlikely, however, that jack mackerel would form sibling cohorts. The possibility that groups of the serranid reef fish Anthias squamipinnis were settling as sibling cohorts was tested by Avise and Shapiro (1986) , using allozyme electrophoresis. They found no evidence of sibship; instead, juvenile cohorts of A. squamipinnis were found to be composed of offspring from several matings.
A morphometric analysis of jack mackerel from Australian waters also found evidence of stock separation between fish from the Great Australian Bight and NSW waters (Lindholm and Maxwell 1988) . However, no separation was detected between fish from NSW and Tasmanian waters.
Jack mackerel are known to spawn along the entire eastern coast of Tasmania, with spawning activity being concentrated at the edge of the continental shelf (Jordan 1992) . The larvae then move toward inshore areas. Jordan (1992) suggests that interannual variation in the local hydrography off eastern Tasmania may affect the onshore movement of jack mackerel eggs and larvae, resulting in higher mortality rates. Fish, such as jack mackerel, that inhabit pelagic waters have the benefit of the greater productivity of surface waters but are also subject to greater predation pressure (Mead et al. 1964) . In a study of the causes of mortality in North American jack mackerel (Trachurus symmetricus), Hewitt eta/. (1985) found that the principle cause of mortality in yolk-sac larvae was predation. However, starvation was the major cause of mortality in feeding larvae once they had absorbed their yolk sacs. There are no data on the predators of jack mackerel eggs and larvae in Australian waters. It is possible that the loss of large numbers of larval jack mackerel to a combination of poor or no advection to inshore areas and predation may adversely affect subsequent recruitment, resulting in the possible extinction of some mtDNA lineages. Such losses would have the effect of reducing the effective population size of the spawning aggregations, thereby contributing to a lower overall mtDNA diversity. However, the physical and biological factors that determine the pattern of recruitment in jack mackerel remain unclear.
The ability of modern purse-seine vessels to remove almost entire schools during a single netting operation may also have a serious long-term effect on the mtDNA diversity of jack mackerel. In an allozyme study of orange roughy (Hoplostethus at/anticus), Smith et al. (1991) argued that fishing pressure was directly responsible for a loss of heterogeneity in that species.
The present study has presented some evidence to support Richardson's (1982) view that there may be a number of genetically distinct schools of jack mackerel occurring along the south-eastern coast of Australia. However, an expanded mtDNA study involving further nucleotide and population sampling will be required to determine the population structure of jack mackerel in south-eastern Australian waters.
